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Quantum cosmology
e Hamiltonian GR

ds® = g, dztdz” = —N*dt* + hw d:v +det da’ +/\/]dt)

o' | Shlft vector
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— /\dX\ s / Lapse function Intrinsic metric
= first fundamental form
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v, / n’ Normal to >; Intrinsic curvature tensor R iwt (1)
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Extrinsic curvature Kij = —Vjmn;=—T"mno
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x'+dx’!
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In 3+1 expansion: & = /dtL — /dtd% NVh (Kinij ~ K?+ R— 2/\) + Smatter

167G
. 0L h - N
Canonical momenta ™ = —— = vh (K U hK )
oh,; 167G
oL Vh [ . 0P
= = (d-N—
T 5e T N ( N 8$Z>
o OL
™ = —— =20
| %JX Primary constraints
= — =
ON;

Hamiltonian H — /d% (WONJF#M + iy, +7Tq)<j>) B - /di’)x (WONeriM +NH+MH¢)

Variation wrt lapse H = 0 Hamiltonian constraint

L . | | Secondary constraints
Variation wrt shift +' = 0 momentum constraint

\

> Classical description
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e Superspace & canonical quantisation

Relevant configuration space? matter fields

!
Riem () = {hij ("), P (") | x € Z}

\

superspace

parameters

. . . . Riem (>

GR —— invariance / diffeomorphisms > Conf = — (%)

DIHO(Z)

Wave functional W 1, (), ®(x)]
Dirac canonical quantisation

R . o, .0 0
T T hy, SR ¥ TN SN,
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TV = —1 = ()
. Y 7Y
Primary constraints ST
T [/ 5 M

. ) . 5\11 ~ 0
Momentum constraint N0 =0 = V" ( ST ) = 831G TV
]

> \If 1s the same for configurations {hi;(z), ®(z)}related by a coordinate transformation

Hamiltonian constraint

52 Vh

_167G..G;. : (—3 oA + 1 TOO)
8 Ng]kl&hijéhkl 167G, ot 28 4 10mGry

1
gamz§ﬁﬂﬂmmﬂ+mmm—mmm

DeWitt metric...
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e Minisuperspace
Restrict attention from an infinite dimensional configuration space to 2 dimensional space
= mini - superspace

Ry (d92 + sin? 9d902) d(x) = ¢(t)

dr?

hidz'da? = a*(t) ——
— kr

WDW equation becomes Schrodinger-like forV |a(?), o(t)]

Conceptual and technical problems:
Infinite number of dof — a few: mathematical consistency?

Freeze momenta? Heisenberg uncertainties?
QM = minisuperspace of QFT
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e Minisuperspace
Restrict attention from an infinite dimensional configuration space to 2 dimensional space
= mini - superspace

Ry (d92 + sin? 9d902) d(x) = ¢(t)

dr?

hidz'da? = a*(t) ——
— kr

WDW equation becomes Schrodinger-like forV |a(?), o(t)]

However, one can actually make calculations!
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Exemple : Quantum cosmology of a perfect tluid

ds® = N*(7)dr — (12(_7‘4)";,"/'(1.1‘/'(1.1,"/.

— -

~ - © + 0s =
Perfect fluid: Schutz formalism (°70) D="mpy | — _+ :
N1 +w).
(p,0.5) = Velocity potentials
canonical transformation: 1T = —p, o5/ 80 p# W) g, Do
+ rescaling (volume...) + units... : simple Hamiltonian:

‘)
)- ~ 10008
H( Pa KCa - ])1

N
4a a % > \
3

W

d
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Wheeler-De Witt HY =

- 2¢30-9)/2 [ 9T 10%°T
XY= 30— w) "OT T 402
. _ OU O
space defined by X > U - constraint \IJ& - \pa
Gaussian wave packet
. o1
* 2
>\If . 81y | exp ( ZOX ) 0 —iS(.T)
T (I5 +17)" Iy + 717
TX2 1 TO T
phase S = T2 1 72 - — arctan
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What do we do with the wave function of the Universe???
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Quantum mechanics of closed systems

Physical system = Hilbert space of configurations
State vectors
Observables = self-adjoint operators
Measurement = eigenvalue  Ala,,) = a,|a,)

Evolution = Schrodinger equation (time translation invariance) iha W(t)) = H|yY(t))
Hamiltonian
Born rule Prob|a,;t| = |<an|¢(t)>|2
Collapse of the wavefunction: ‘ w (t) > before measurement, @n> after

Schrodinger equation = linear (superposition principle) / unitary evolution

Wavepacket reduction = non linear / stochastic 1, >
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e Possible solutions and a criterion: the Born rule

A Superselection rules
A Modal interpretation
A Consistent histories

A Many worlds / many minds

A Hidden variables

(o)™

Is the statevector everything?

INCOMPLETENESS
Hidden Variable Theories

FORMAL COMPLETENESS

Different

Individuals

Specifying
Observables

Specifying
Properties

Specifying
What is Real

Identical 1

ndividuals

Modifying
the Evolution Law

|

leltmg Enlarging Enrlchmg 2 Dynamical Unified
Observables Properties Reality Principles Dymnamics
Strict Modal Many WPR D o
Superselection || Interpretations Universes Postulate ynaml.ca
=T - Reduction
e actq Decoherent Many Reduction by Program

Superselection Histories Minds Consciousness

Born rule not put by hand!

A Modified Schrodinger dynamics

January 23rd 2014




Ontological formulation (1BB)

“'

Louis de Broglie (Prince, duke )

w ige s Lo wy e i VTR Y T o e

David Bohm (Communist)

1927 Solvay meeting and von Neuman mistake ... ‘In 1952, I saw the impossible done’ (J. Bell)
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Hidden Variable Theories

oU [ V2 ‘

Schrodinger | — = -V /]
S | ot - 2m (7) _
Polar form of the wave function v =A(r,t) et (7,1)
2
Hamilton-Jacobi 05 | (VS5) -V (r)+Q (r,t) =0
Ot 2m
quantum ;
potential  _ 1 V<A

2m A

January 23rd 2014

14



v =A (’r. f) ()/,“5'(r.f)

Ontological formulation (BdB) 3 (t)

2
d*ax 1 V2|

Trajectories satisty (Bohm) L dt2 — —V(V T Q) @ = 2m ||
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. . _ v = A <, f) o iS (r,t)
Ontological formulation (dBB)  — w(t) ,

dx (A VA

Trajectories satisfy (de Broglie) m— =

dt | U(x, )2

= —-VS5

strictly equivalent to Copenhagen QM
probability distribution (attractor)

Properties: Tto: p (x, to) = | ¥ (z, o) |
classical limit well defined () — 0
state dependent
— intrinsic reality

non local ...

no need for external classical domain/observer!
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The two-slit experiment:

T

e _—W
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Surrealistic trajectories?

Non straight in vacuum...
!

d*z(t)

v v
m = -V +0Q)

dt?
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Back to the QC wave function

Gaussian wave packet

o -

phase

Hidden trajectory

81 g

g —

Tox
T? 1 X
- — arctan
TG + 172
1+ -
a = a -
0 T()
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Q(T)

quantum potential
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What about perturbations?
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Superposition
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Collapse 1n 1992 777

Superposition

January 23rd 2014
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Superposition

Collapse 1 1992 777 Further collapse 1n 2003
on smaller scales???

January 23rd 2014




Superposition

Final (ultimate!) collapse
Collapse 1n 1992 777 in 20122
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e Both background and perturbations are quantum

Usual treatment of the perturbations?

Einstein-Hilbert action up to 2" order

Bardeen (Newton) gravitational potential

ds* = a*(n) {(1

conformal time  dn = a(t) 'dt

1

452 p _ =
/dxé L ;

Simple scalar field with varying mass in Minkowski space!!!

/ Jrd3z dn

20) dn® — [(1 — 29®) ;5

Z

/!

(0,0)° — ¥ 9;00;v -
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2

Sp_p = / d'z [RO)+6P R

Classical /Quantum

N

Mukhanov-Sasaki variable

2= zla(n)]
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Self-consistent treatment of the perturbations?

Hamiltonian up to 2" order ~ H = H ) + H o) + - -

factorization of the wave function

¥ = W(q) (a.T) ¥z [0, T3 (T)

T

comes from 0t order —

January 23rd 2014

Use dBB or...
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The GRW dynamical collapse model
Ghirardi - Rimini - Weber

Modified Schrodinger vl 9

equation with collapse /¥ W ‘1’> 3 (C —(C >) dt|w)

towards C' eigenstates —
HamlltOnlan nOrmallzatIOIl

non linear stochastlc _

U|C|W) 2 (dW,) = 0 - random outcgﬁmes
(AW dWy) = dedt'd(t — t') Born rule

break superposition principle

\Wlener process

BONUS: Amplification mechanism

/ Grown perturbations

Big objects are classical
small objects are quantum!

Primordial perturbations /

January 23rd 2014 22




Year first author [ref.] interfering m/my T d in GRW in GRW in CSL in CSL
object A< No? < A < No? <
1927 Davisson [13] electron 5x 1074 N/A

1930 Estermann [15] He

1959 Mollenstedt [28] electron
1987 Tonomura [37] electron
1988  Zeilinger [40] neutron
1991 Carnal [9] He
1999 Arndt [4] Ceo
2001 Nairz [29] Cro
2004 Hackermiiller [24] Cro

2007  Gerlich [17]

2011 Gerlich [18] Ceo [012F25]10

C30H12F30N204 10°

4 N/A
5x 1074
5x 1074

1

4

720
840
840

7 % 103

Proposed future experiments

Romero-Isart [35]
Nimmrichter [30]

[Si02]150,000

A11500,000

6x10"tm—2s1

2%x1073m2s~1

10_138_1

2x10~17g—1

6x10° m—2s~1

I2%x107 %71 2x10° m2s!

Table 1: Bounds on o, A obtained/tr
object, m, = proton mass, 7 =
length in [37]), N/A = not a
Fig. 3.

N

rent diffraction experiments. For each experiment, m = mass of the interfering
foht between grating and image plane, d = period of grating (or transverse coherence

. For each theory (GRW or CSL), two bounds are obtained. This table is the basis for

Feldmann & Tumulka (2011)

Lq)‘ 7 constrained...

January 23rd 2014
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Spontaneous collapse amplification mechanism

NN identical particles

N
collapse operator: C = Z T;actingon |V ({zi})) = [V (R)) @ [V (174 }))
1=1
A (1)) = { it~ 23 (o ()| ety Z dW“’)} e (7))
_ LZ; usual quant;um <:ﬂ

d[Wey (R))

([t = 57 ()| v v (e~ i) awe b o, ()
| L, mao )

objectification
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A2 . . . .
Example: free particle evolution H = 2p_ Animations provided by V. Vennin... thx!
m

A

and projection on position operator (' = 7

U\
initial double gaussian wave function

X

Amplification mechanism — ~ o NV (number of particles)

P\t _——
> 4.6 x 107" m for 1g object
Amry

\ 5.9 % 107%® m for the Earth

4.7 cm for a proton

0,(00) =
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Constraints:

Atomic energy levels

Nuclear energy levels
Diffraction Experiments

Proton Decay
Spontaneous Xray emission

Spontaneous IGM warming

Dissociation of cosmic H
Decay of supercurrents

Latent image formation
Thermalized spectral distorsions

Neutrino and kaon oscillations

January 23rd 2014
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Constraints:
(falsifiable theory!)

January 23rd 2014
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Classicalization of Cosmological Perturbations

Predictions of the theory: Calculated by quantum average (W|O|W)
Usually in a lab: Ensemble | 4 :> Quantum
repeat the experiment average over average
experiments

Here one has a single
experiment (a single universe)

[ Spatial
: . average over | / f Quantum
| > Ergodicity

directions in average
the sky

January 23rd 2014
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Inflationary perturbations: quantum fluctuations / expanding background

Classical temperature fluctuations promoted to quantum operators

—_—

— XU variable-mass scalar fields in Minkowski spacetime

AT
T

L . 1
second order perturbed Einstein action o5 = J / d*z

. 1 _—
+ Fourier transform v (7, @) = 372 / A’k vy, (77)e’ij
(27) R3

s /dn/dgk {v;vzl%—vkvz

Lagrangian formulation...

January 23rd 2014

(v’)2—5ij87;v(9jv | (@ve) v?

Nk

a\/€1

~

€1 — 1 — H//H2
slow-roll parameter

A+/€1

)
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. . w? (n, k)
Hamiltonian

—_
H = /d?’k {pkp;; + vpvy | K2 (V) }
A/ €1

collection of parametric oscillators with time dependent frequency

factorization of the full wave function /real and imaginary parts

Ulo(n,@)] = [ [ Ui (k' ox) = [ [ UK (&) O (vg)

y, ! R.I«R.I
‘ k - ’ ’
1 on :Hk \I!k
. 1 O? 1 2
R.I R.I
H," = 5 2w2(77,k) (vk )
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Gaussian state solution W (7, vg) =

Wigner function W (vg, pr) = /

"oRe Q ()]

d |
—x\lf* (Uk — g) e PR (Uk -+ z)

2772

T

2

large squeezing limit mmy W o d (pr + k tan ¢puk)

Animations provided by V. Vennin... thx!

Ergodicity

Stochastic distribution
of classical processes

realization spatial direction
\ /
AT(E,e)\  [AT(E e)
1 ¢ B 1

January 23rd 2014
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Primordial Power Spectrum

Standard case

Quantization in the
Schrodinger picture

with

d|Wg)
()
(functional representation) dq’}
- pz
Hi = 2’“ - w?(k,n)v§

2 (k;’ 77) _ 2 (aa\\/ﬁeil)//

B(B + 1)
772

— k*

— Hy [T

Power-law inflation example
@k — Uk
. .0
—_— ] —
Pk Oor
o) = o)
S —2

(de Sitter: 3 = —2)

Parametric Oscillator System

January 23rd 2014
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Primordial Power Spectrum

Standard case

Quantization in the

Schrodinger picture
(functional representation)

d|Wg)
1
dn

— My | )

\Ijk: (777 Uk) —

with

2 ReQ (1)
.
. Di

1/4

e—Qk(n) Vi
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Primordial Power Spectrum

Standard case

2

a
Two physical scales | Hubbleradius H™'= s, b
wavelength A= 2% ~ o
J -k pe—2 —kn

Sub-Hubble regime log (H™*)  log (\x) Super-Hubble regime

harmonic oscillator
L i /
_ k2 N>
Up=—] e 2%
= () 7%
/]

log [ 2 N
. O — | =
Bunch Davis vacuum 5 Ain

inflation radiation matter
L> sets initial conditions fx(kn — —o0) = " /\/2k

January 23rd 2014

A< H 1 E i > H-L
k1) = —00 kn — 0~
W~k "a

X
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Primordial Power Spectrum

Standard case

Y4+ wi(k,n)fi =0 with w?(k,n) = k> B(B j D and  fe(kn — —oo) = &% //2k

Ui
( o, — i
2 Ik l ~ ~
L > Uniquely determines fi | Fe Qk — <Uz> — <Uk:>2
o e k2 oy o
Evaluated at the end of inflation(kn — 07), this gives P, (k) = 573 (<vk> — (Vg )
P k 1 P k A k ] Angular scale
_ _ nS —_ oo 90 18 1 0.2 0.1 O.??
and eventually P (k) SYELVERS o (F) S “ A |
| /|
with ng — 2/6 + D 53_2 1 P | Ir/ "\/m\/ﬁ‘*. |
o J"j';’p*m.‘ | | \/\r—\_\\ H'
Planck: 1 — n, = 0.0389 + 0.0054 CT T Mdplemoment, ¢

January 23rd 2014
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Primordial Power Spectrum

Modified Theory

Modified Schrodinger equation

d|0) = —it, \\If>d77+ﬁ(@k - <@k>)de ) — %(vk - <@k>>2dn Uy

Extended Gaussian
wave function

- 2 1/4
2 el
W () = | 22D | o Lot (1) ok — 5 ()] + ik () + k() — 19mE(n) (1)}
Modified equation of
motion
| o ik
), = —2iQ3F + %wQ(mkHv » QJL‘"’_,; fi + [wz(n, k)—Ziﬂ fr =0

January 23rd 2014
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Primordial Power Spectrum

Modified Theory

+ k2

B(B + 1)
772

217 Jk =0

vacuum as an initial condition ?

Ability to fix Bunch Davis

wz(n, k) — k2 — 217y

kn— —oo

Tk

(§Re () < O)

Bunch DaviS vacuum

January 23rd 2014

leads to non normalizable i',
wavefunction ‘
//

inflation

radiation

log (H™"), log (Ag) , log(Ay)

matter

N
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Primordial Power Spectrum

Modified Theory
i | | - | ' | ' |
0.0
—-0.9 -
: 7/ko"=107"
5 _10F PR
g’ I 7/Ko =107"°
g —-1.5 — 7/k02=10'2° -
comoving Hubble = 7/k2=10"% . 0. > 1013 /
wavenumber now — —R.0[ o . ooa - Y H
v/ko =10 _
| | . | L | . | .
108 108 1010
kbreak < kO

k > kpreak :Ms =28+ 5~1

12 < e AN« ~ 128
ko
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Conclusions (1)

Quantum measurement problem very severe in cosmology

Test?
(non equilibrium...)

dBB ontology

Two possible extensions of QM can be used

(Born rule not set by hand)
Spontaneous collapse
Constraint on ")
. | - collapse time v
Plenty of new effects awaiting to be discovered/understood... - final spread ?
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